Glia cells are uniquely positioned at synapses, contacting pre-and post-synaptic terminals. At the Drosophila neuromuscular junction, a novel glia-derived TGF-b ligand has been found that modulates a retrograde synaptogenic signal.
Glia, the non-neuronal cells of the brain, are active participants in the formation, plasticity and maintenance of neural circuitry [1] . The importance of glia in synapse formation in particular has been demonstrated in both invertebrate and vertebrate systems; however, the molecular mechanisms underlying glia-induced synaptogenesis remain an open and active area of research. A new paper in this issue of Current Biology by Fuentes-Medel, Budnik and colleagues [2] identifies a critical link between glia and a TGF-b signaling pathway, an established regulator of synaptogenesis at the Drosophila melanogaster neuromuscular junction (NMJ). The authors demonstrate that glia occupy a unique position in the synaptogenic pathway by modulating a retrograde signal from the postsynaptic muscle that triggers synapse formation. Given the localization of glial processes along motor neurons and along muscles, this raises the intriguing possibility that glia might be key for coordinating synaptogenesis between the pre-and post-synaptic cell.
TGF-b Signaling and Synaptogenesis
The TGF-b signaling pathway has been implicated in many developmental processes ranging from body axis formation to axon specification and synaptogenesis [3, 4] . TGF-b family ligands bind to TGF-b type II receptors, which form a complex with a type I co-receptor. Ligand binding initiates the phosphorylation of downstream receptor-associated Smad proteins (R-smads) which associate with co-smads and other transcription factors. This complex then is transported into the nucleus to promote transcription [3, 5] .
TGF-b-dependent transcription has been implicated in synapse formation and function in several model systems. At the NMJ of the frog Xenopus laevis, TGF-b1 released by Schwann cells regulates synaptogenesis, while in mice lacking TGF-b2 function, NMJs and central synapses develop normally but synaptic transmission is impaired in the brainstem [6, 7] . Similarly, in the sea slug Aplysia, TGF-b induces long-term increases in sensory neuron excitability as well as a long-term enhancement of synaptic efficacy at sensorimotor synapses [8] .
TGF-b also plays a critical role in synaptogenesis at the Drosophila NMJ. The particular pathway implicated in synaptogenesis involves the binding of Glass bottom boat (Gbb), a BMP-7 homologue, to its type II receptor, Wishful thinking (Wit) and either type I receptors Thickveins (Tkv) or Saxophone (Sax) [9] . Gbb was shown to be released from the muscle post-synaptically to activate downstream TGF-b signaling in motoneurons. The cascade involves the recruitment of Mad and Medea and the transport of these proteins to the nucleus by a class of molecules called Importins. Transcription of the Rac-GEF Trio, which is required in motoneurons for normal NMJ growth, is then trigged by Mad and Medea [10] . Knock down of any molecule in this pathway results in reduced NMJ size, decreased synaptic transmission, and aberrant synaptic ultrastructure [9] . Loss of Gbb at the Drosophila larval NMJ leads to a significant reduction in transcription of Trio, and transgenic expression of Trio in motoneurons can partially restore NMJ defects in larvae mutants for TGF-b signaling [10] .
A major gap in our understanding of the synaptogenic Gbb signaling pathway was how this retrograde signal from the muscle was regulated.
McCabe et al. [9] suggested two possible mechanisms: either Gbb is constitutively released or a presynaptic cue regulates its release. Fuentes-Medel et al. [2] now have uncovered a third option, namely that a glia-derived signal regulates Gbb release. Glia intimately associate with NMJ terminals and have been shown to engulf presynaptic membrane that is shed from the NMJ during development [11] , and are known to play a key role in synaptogenesis in other systems.
Glia in Synaptogenesis
In the vertebrate central nervous system, several astrocyte-derived molecules have been linked to synaptogenesis, including thrombospondins (TSPs), hevin, and glypicans [12] [13] [14] . TSP and hevin both can induce structural synapses, which are postsynaptically silent, while glypicans, a newly identified class of molecules, can induce fully functional synapses. Importantly, mice deficient in TSP, hevin, or glypicans show a reduction in synapse number, indicating that these molecules regulate synaptogenesis in vivo. Despite these advances, several open questions remain: What are the mechanisms by which these molecules drive synaptogenesis and are there other interacting partners and/or synaptogenic signals?
The new work by Fuentes-Medel et al. [2] shows that in Drosophila a TGF-b ligand, Maverick (Mav), released by glia at the NMJ is required for synaptogenesis in vivo (Figure 1 ). The authors demonstrated that TGF-b ligands are expressed in the peripheral glia and that selective knock down of glial-derived TGF-b family ligands Dawdle (Daw) and Maverick (Mav), but not Myoglianin, resulted in a dramatic reduction in the number of synaptic boutons at the NMJ. Interestingly, when Mav was knocked down in glia, a dramatic reduction of TGF-b activation (P-Mad staining) was observed in motoneuron nuclei and at NMJ synaptic boutons.
Conversely, overexpression of Mav in glia resulted in a significant increase at both sites, while knocking down or overexpressing Mav in muscles or neurons did not mimic the glial knockdown or overexpression phenotypes.
As Mad phosphorylation could be observed both in muscles and motoneurons, the authors next determined where Mav was acting. Surprisingly, they found that both motoneuron and muscle exhibited activation of the TGF-b signaling pathway. This brought them to the conclusion that Mav might be regulating the known retrograde synaptogenic TGF-b family ligand Gbb. Downregulating Mav in glia reduced Gbb transcription, showing that Mav could modulate this pathway. To address whether Gbb was being secreted and acting retrogradely on the motoneuron, the authors assayed expression levels of Trio, which is known to be regulated by retrograde Gbb signaling. The authors found, indeed, that Trio expression was significantly reduced when Mav was knocked down in glia. Further, overexpression of Mav in glia in gbb-heterozygous fly larvae failed to trigger the increase in bouton number that was seen in larvae with wild-type gbb expression, supporting that Gbb is downstream of Mav.
The new paper by Fuentes-Medel et al. [2] presents the first in vivo evidence of a glia-derived factor regulating synaptogenesis at the Drosophila NMJ and also adds a new level of understanding of the mechanisms by which TGF-b signaling regulates synapse development. This work also sparks many interesting questions, perhaps the most intriguing of which is what regulates Mav expression? Is there yet another TGF-b family member modulating glial production of Mav, such as a presynaptic cue? Lastly, while the TGF-b signaling has been implicated in synaptogenesis, the precise underlying molecular pathway remained unclear. This work provides new insights into the TGF-b signaling pathway regulating synaptogenesis by revealing the presence of a TGF-b-dependent synaptogenic 'feedback loop'. In this case, one TGF-b family member ligand (Mav) regulates transcription of another ligand in the same family (Gbb) which modulates synaptogenesis. Given the importance of the TGF-b signaling pathway in synaptogenesis in other systems, this finding begs the question whether TGF-b-dependent synaptogenic feedback loops exist in other systems as well. Thus, the work by Fuentes-Medel et al. [2] provides important clues that could advance our understanding of cellular and molecular mechanisms regulating synapse formation and function. Ants are an extraordinarily successful life form -their global numbers have been estimated as between one and ten million billion [1] -and surely part of this success is based on their division of labour. Only one or a small proportion of individuals of the colony, the queens, reproduce, while workers share the other duties which include constructing, maintaining and defending the nest, collecting food, and rearing the brood. Some ant species harbour special castes of particularly large workers, 'soldiers' or 'majors' (Figure 1) , that preferentially play roles in colony defence, or for cutting up or carrying large objects, including prey. Morphology, physiology and behaviour thus differ profoundly between castes -a soldier, for example, can have 100 times the body mass of a 'minor' worker [1] , and queens in some species live for decades whereas workers typically perish after a few months [2, 3] . Remarkably, however, each female embryo has the potential to become either queen, major, or minor worker -all can be moulded from the same genome. Environmental stimuli, such as the chemical components and amount of larval nutrition, pheromones, and temperature [1] , set the developing embryo on one or the other trajectory towards its ultimate caste fate. While there are genetic differences in individuals' responses to such environmental stimuli (for example in sensitivity thresholds to certain pheromones), in turn affecting the probability that an individual embryo is launched on a certain developmental trajectory [4] , the genome of the female (diploid) ant embryo contains the potential to generate members of any non-male caste (males develop from haploid embryos).
This means that the initiation and stability of development towards a caste must be mediated, to some extent, by epigenetic processes. Epigenetics refers to inherited (through cell divisions, not necessarily generations) changes in gene expression or phenotype not mediated by changes in DNA sequence. An obvious example is cellular differentiation in the development of multicellular organisms. Despite the enormous diversity in cell types in an animal (consider photoreceptors, hepatocytes, osteocytes, neurons, lymphocytes etc.) these cells are essentially clonal within an individual and all share the same genes, but in each cell type only a subset of genes is expressed. As the organism develops from totipotent stem cells, progressively more specialized cell types emerge in the embryo, each of which pass on certain traits to their daughter cells. These traits persist through cell division [5] in such a way that neural stem cells, for example, only ever give rise to cells of the neural lineage (but never osteocytes etc.). In the same way, caste differentiation in developing ant embryos is thought to be a step-by-step process, with discrete switches at certain points in time during development [1] . In ant embryonic development, the earliest decision point is typically thought to be the queen versus worker differentiation, and in many species there is a later branch point at which it is decided whether a worker turns into a major or minor (Figure 2) .
One mechanism by which stable programmes of gene expression might be preserved through cell divisions to maintain a particular phenotype is DNA methylation -the covalent attachment of a methyl group to a cytosine nucleotide, typically in CpG dinucleotides. DNA methylation patterns differ between different cell types of multicellular organisms and methyl group 'tags' are retained through cell divisions with high fidelity (96%) [5] . This makes their involvement in determining and maintaining gene expression patterns in the cells of developing individuals likely. However, it is important to keep in mind that DNA methyltransferases (DNMTs), the enzymes that catalyze DNA methylation, have no specificity for marking particular stretches of DNA [6] and are thus likely rather passive players which need to be recruited and targeted to specific DNA sites by transcription factors which recognise and bind specific DNA sequences when DNA methylation is first established.
In this issue of Current Biology, Bonasio et al. [7] have now obtained the entire 'methylomes' for several castes of two representative ant species, the Florida carpenter ant (Camponotus floridanus) and Jerdon's jumping ant (Harpegnathos saltator). These two species differ profoundly in the rigidity of their caste structure (Figure 1 ). The castes of Camponotus are clearly defined in terms of behaviour and morphology, and once differentiated, members of one caste can never become members of another. Conversely, and perhaps similarly to the ancestral state of the ants, Harpegnathos retains considerable
